In adult rat brain, the microtubule-aodated protein dynamin is compose of a closely spaced p ide doublet of :400 kDa. Using an antibody prep that is monospecific for dy -1 (the higher molecular mass form) we examine the tpal and oal es on odynamin-l in developing rat brain. Analysis of whole rat brain ates establihed that prior to a l day 9, dynamin-1 was present only at very low levels and t e its exp n s ly increased with adult levels being attaied by postnatal day 23. In indivdual regions of the brain, dynamin-1 levels were highest in cortex, amygdala, and satum, lower in olfactory bulb, cerebellum, and midbrain, and lowest in e . During postnata development, each of the region exhibited approximately the same time course of protein ex sn except for a slightlagin expesiin o bulb. The spatial and toral patter of exp n of dynamin-1 correlate with the establishment and/or maintenance of mature neuronal stur and function rather than dendritic or axonal outgrowth.
lize microtubule-based structures and/or crosslink these structures to other cytoskeletal elements or cellular organelles (1) (2) (3) . The mechanoenzyme motor proteins kinesin and dynein possess microtubule-stimulated ATPase activity and evidence suggests they function in anterograde and retrograde axonal transport, respectively (2, 4) .
Based on various investigations, it is evident that the interactions of microtubules with MAPs and motor proteins are key regulators of plasticity in developing neuronal processes as well as the stability of mature neuronal processes (for reviews, see refs. [1] [2] [3] . Although a significant degree of neuronal development occurs prior to birth in mammalian brain, neuronal differentiation, neurite outgrowth, and synapse formation continue postnatally (1) (2) (3) . During the second and third postnatal week, there is a decrease in axonal and dendritic outgrowth with the accompanying formation of a more stable cytoskeletal organization (1, 3) . Coincident with these structural changes is a striking transition in the level of expression or molecular form of numerous brain MAPs (1) (2) (3) 5) . For example, starting at approximately the second to third postnatal week, the juvenile T protein expressed in newborn rat brain is replaced by multiple adult T variants (1) (2) (3) . Presumably, MAPs present early in postnatal development play a role in neuritic extension and the initial establishment of synaptic contacts, whereas adult MAPs function in neuronal process stabilization and the maintenance of mature synapses (1) (2) (3) 5) .
Recently, Shpetner and Vallee isolated and characterized a 100-kDa polypeptide called dynamin from mammalian brain that demonstrates nucleotide-sensitive binding to microtubules (6) and microtubule-stimulated GTPase (7) activity. Furthermore, under specific conditions, this polypeptide promotes microtubule bundling and intermicrotubule sliding (6) . Subsequently, it was found that the predicted amino acid sequence of mammalian brain dynamin (8) shares significant homology with a number of other gene products including shibire from Drosophila (9), vpsl (10) and spol5 (11) from yeast, and the Mx proteins from mammalian tissues (12, 13) . The homology resides primarily in the amino-terminal half of these molecules and includes a consensus tripartite GTP binding motif (8, 11, 14) . Conversely, the carboxyl-terminal halves of these polypeptides are highly divergent, which could provide for functional diversity. As a consequence of the extensive sequence homology surrounding the GTP binding motif, Obar et al. (8) suggest that dynamin and these related proteins represent a distinct subgroup within the GTPase protein family. Both interesting and puzzling is the finding that although all of the dynamin-related proteins are structurally similar, none has been demonstrated to interact with microtubules in vivo; instead, it has been suggested that they function in different intracellular membrane and vesicle sorting pathways (10-13, 15, 16) . Furthermore, even within one dynamin-like family, such as shibire, the existence of several isoforms suggests the potential for functional diversity (14) .
Scaife and Margolis (17) isolated dynamin from rat brain and reported its composition as a closely spaced doublet of '100 kDa. Given the functional diversity exhibited by the dynamin family of proteins, the existence of different isoforms of dynamin in rat brain raises the possibility that brain dynamin may participate in different cellular functions (11, 14) . In this report, we have used antibody probes to demonstrate that the rat brain dynamin doublet is comprised of two immunologically distinct isoforms, dynamin-1 and -2. Furthermore, using monospecific anti-dynamin-1 antibodies, the temporal and regional distribution of this polypeptide was examined in developing and mature brain.
MATERIALS (23) . Preparations of rat brain were electrophoresed, transferred to NC, blocked, and probed with a 1:5000 dilution of anti-sea urchin egg 100-kDa immune serum for 24 hr at 25°C. After incubation, the blots were rinsed in TTBS and the appropriate antibody was eluted from the NC with 0.2 M glycine (pH 2.8). The affinity-purified antibody was neutralized with NaOH and diluted into an equal volume of 2x TTBS containing 2% BSA.
Samples (Fig. 1A) . Using the Olmsted procedure of antibody affinity purification (23), the anti-egg 100-kDa immune serum was affinity purified against the brain 100-kDa protein to yield an anti-brain 100-kDa antibody (Fig. 1A) . Preliminary studies suggested that the egg 100-kDa protein might be related to the dynamin protein family (26 Neurobiology: Faire et (Fig. 1B, lanes 1 and 2) .
For the sake of clarity, we will designate the higher molecular mass polypeptide of the dynamin doublet as dynamin-1 and the lower molecular mass polypeptide as dynamin-2. Consequently, given the specificity of the affinitypurified anti-brain 100-kDa antibody for dynamin-1, this antibody will be referred to as anti-brain dynamin-1 antibody.
Analysis of Dynamin-l Expression in Developing Rat Brain. To examine if dynamin-1 expression is developmentally regulated, preparations of PND 1, 9, 16, 23, 31 and adult rat brain were subjected to immunoblot analysis using the antibrain dynamin-1 antibody. Whole brains from PND 1 and 9 rat pups, a period characterized by extensive axonal and dendritic outgrowth (2, 3) , demonstrated barely detectable levels of dynamin-1 (Fig. 2 B and C) . A major increase in the level of expression occurred between PND 9 and 23 ( Fig. 2  B and C) . During this time period the levels ofdynamin-1 rose from -3% at PND 9 to %90% of adult levels by PND 23 (Fig.  2 B and C) . Interestingly, the temporal expression of dynamin-1 correlates with the developmental window marked by diminishing axonal growth and the establishment of mature synaptic contacts (1).
Regional Expression of Dynamin-l in Adult Rat Brain. To determine whether dynamin-1 exhibited regionalized expression, seven morphologically and physiologically distinct areas of the brain (cortex, amygdala, striatum, cerebellum, midbrain, olfactory bulb, and brainstem) were processed for immunoblot analysis and probed with the anti-brain dynamin-1 antibody. There was a marked difference in the level of dynamin-1 expressed in different regions of the adult brain (Fig. 3) . Adult cortex, amygdala, and striatum (telencephalon) all exhibited high and relatively equivalent amounts of dynamin-1 (Fig. 3B, lanes 1'-3') , whereas the adult brainstem demonstrated the lowest level ofdynamin-1 (Fig. 3B, lane 6' ). Dynamin-1 levels in the other three regions (cerebellum, olfactory bulb, midbrain) were comparable to one another and fell into a range intermediate between the brainstem and telencephalon (Fig. 3B, lanes 4', 5', and 7' ).
Developmental Analysis of the Regional Expression of Dynamin-1. Cortex, amygdala, striatum, cerebellum, olfactory bulb, brainstem, and midbrain were removed from PND 2, 8, 15, 22, 29 and adult rat brains and analyzed by quantitative immunoblots. For standardization, each set of PND brain regions and a sample of adult brain cortex were run on single minislab SDS/polyacrylamide gels, transferred to NC, and probed with anti-brain dynamin-1 antibody. By including the adult brain cortex sample within each experimental run it was possible to compare the results of blots that were run with different preparations of tissue and different batches of affinity-purified antibody.
Dynamin-1 was barely detectable in any of the brain regions at PND 2 and 8 (Figs. 4 and 5 5). Thus, even though the final level of dynamin-1 differed among these six regions, the developmental pattern of expression was virtually identical. In the olfactory bulb, dynamin-1 expression was slightly delayed with the primary rise in expression occurring between PND 22 and PND 29 (Figs.  4 and 5 ). This developmental lag was clearly observed when a comparison was made between the relative amount of dynamin-1 in each region of the brain at PND 22 with the amount present in the same region in the adult. Using this comparison, the concentration of dynamin-1 at PND 22 was only 10o ofthe adult level in olfactory bulb, whereas all other regions exhibited >50%o of the adult concentration. In brainstem, adult concentrations of dynamin-1 were reached by PND 22, whereas all other regions attained adult concentrations by approximately PND 29 (Figs. 4 and 5 ). 
DISCUSSION
The members of the dynamin family of proteins demonstrate a diversity of structure and function (8, 9-13, 15, 16) . In the present report, we establish the presence of two immunologically distinct isoforms of dynamin in mammalian brain, dynamin-1 and -2. y immunoblot analyses, dynamin-1 was found to be develo mentally regulated during postnatal maturation of the rat bn. In adult brain, dynamin-1 was most abundant in telencephalon (cortex, amygdala, striatum) and least abundant in brainstem. Intermediate levels were observed for cerebe um, olfactory bulb, and midbrain. Dynamin-1 expressio in each of the regions followed approximately the same evelopmental pattern with the principal increase in expression occurring between PND 15 and 22, except for delayed expression in the olfactory bulb.
An understandinC ofthe functional diversity present within the dynamin protein family is essential when considering the potential function(s) of mammalian brain dynamin-1 and -2.
To date, molecular genetic analysis in Drosophila, yeast, and mice presents a very compelling argument for participation of the dynamin protein family in membrane and vesicle sorting (9) (10) (11) (12) (13) (14) (15) (16) , processes of crucial importance for synaptic function in the nervous system. The shibire locus in Drosophila encodes several dynamin-like polypeptides, one of which (Ddyn4) has a predicted amino acid sequence 68% identical to rat brain dynamin (14) . One or all of the shibire products may be linked to synaptic vesicle recycling at neuromuscular junctions, and mutations in the shibire locus result in flies that exhibit temperature-sensitive paralysis (9, (14) (15) (16) . Further, yeast vpsl and mammalian Mxl, both dynamin-like proteins, are thought to function in intracellular vesicle sorting (10, 12, 13) . Interestingly, the yeast SP015 locus, which is identical to VPS1, has not been implicated in vesicle sorting but instead functions in centrosome separation during meiotic division (11) . Thus, although all of the dynamin-like proteins appear highly conserved in the amino-terminal half of the individual molecules, they appear to participate in a number of different functions presumably determined by the structural diversity of the carboxyl-terminal half of the protein (7, 8) . Nakata et al. (27) Fig. 4 ).
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------Proc. Nati. Acad. Sci. USA 89 (1992) appears around PND 10 and continues to increase until PND 20 when adult levels are reached, whereas MAP2c expression, which correlates with axon formation, decreases dramatically between PND 10 and 20 (2, 3, 5) . Further, since the majority of neurons in rat brain have already undergone significant axonal and dendritic extension by PND 22, the dramatic increase in dynamin-1 expression that occurs between PND 15 and 22 indicates that it is highly unlikely that dynamin-1 plays a role in dendritic or axonal outgrowth. However, dynamin-1 could serve to stabilize the microtubule cytoskeleton of mature neurons. In support of this potential role are the observations that yeast spol5 (11) , sea urchin egg (26) , calf (6) , and rat brain (8) dynamins all bind to microtubules in vitro. Though this hypothesis is appealing, it does not explain the low levels of dynamin-1 expression in regions of the brain that are rich in axonal fibers, such as brainstem, and the apparent lack of any obvious dynamin/microtubule colocalization in differentiated PC12 cells (17) .
Could dynamin-1 participate in a neuronal function other than the organization of the microtubule cytoskeleton? We observed the highest levels of dynamin-1 expression in the telencephalon, a region characterized by a highly dense and complex synaptic neuropil, whereas the lowest levels were found in brainstem, a region that contains a large number of fibers passing from the forebrain to the spinal cord without making synaptic contacts. Further, dynamin-1 levels increase dramatically between PND 15 and 22, the approximate time frame during which the cortical and thalamic afferents to neostriatum form the bulk of their synaptic contacts (28) . Likewise, the increase in dynamin-1 levels in midbrain correlates with the timing of synaptic and physiological maturation in this brain region (29) . Conversely, the expression of dynamin-1 remains low in the adult olfactory bulb, a region where juvenile MAPs are known to persist in the adult and where neurite extension and the formation of new synapses continue in the adult (30) .
In addition to the above correlations between synapse formation and dynamin-1 expression, it is interesting to note that the temporal course of dynamin-1 expression follows the same pattern as the mature synaptic terminal proteins synaptophysin and NT75 (31) . The nerve terminal protein NT75 is expressed in cerebellum beginning at PND 7 and maximal levels are reached between PND 20 and 30 (31) . Likewise, levels of synaptophysin in the cerebellum increase dramatically during the first 3 postnatal weeks of development (31) . Thus, the temporal pattern of expression of dynamin-1 virtually mirrors that of NT75 and synaptophysin. Additionally, previous studies on rat brain development found high levels of expression of growth-associated protein 43 (GAP43), a phosphoprotein localized to nerve terminals, during neurite outgrowth and a rapid decrease coincident with the formation of mature synaptic contacts (32) . Specifically, levels of GAP43 in the cortex are high at birth and steadily decline following PND 8. In cortex, dynamin-1 expression follows precisely the opposite pattern, with barely detectable levels of expression prior to PND 8, thereafter increasing until PND 20 when adult levels are reached (Fig. 5) . Thus, dynamin-1 expression appears to be correlated with the development of mature synaptic contacts in postnatal rat brain development, and this finding is consistent with the potential role of the shibire locus in Drosophila.
The potential participation of dynamin-1 in synaptic maturation and vesicle recycling has significant impact on our understanding of postnatal brain development. However, numerous synaptic contacts have been established prior to birth in the rat brain and there is likely ongoing synaptic vesicle membrane recycling. Likewise, membrane recycling occurs during neurite extension. In the absence of significant levels of dynamin-1 in brains of newborn rats, dynamin-2 or other as yet unidentified dynamin-like molecules could participate in membrane recycling and synaptic function in newborn brain. Future immunocytochemical studies, aimed toward defining the cellular localization of the dynamin isoforms during development, should provide insight into the potential multifinctional role of the dynamin protein family in developing and adult brain.
